INTRODUCTION
The Himalayas and the Tibetan Plateau host the origins of Asia's most important rivers that constitute essential life support streams for more than a billion people inhabiting a large part of the continent. Their flows reach low-lying downstream regions, where water is used for irrigation and human consumption. By projections on climate change, rapid glacier retreats have been predicted in the Himalayas at large and have triggered research on ice storage dynamics in the glaciated mountain ranges. Research aimed at assessing possible imbalances for future periods has led to concerns about looming water supply constraints for large populations. Sound water resources assessments require closure of the water balance as well as an indication on possible uncertainty affecting individual closure terms. In the Upper Indus Basin (UIB) and nearby mountain ranges both of these aspects require further investigations.
In this study we aim to contribute towards discussing the closure of the hydrological water balance for the portion of the Hindukush-Karakoram-Himalaya (HKKH) system, which lies within the Indus Basin boundaries, is shared by Pakistan, India and China and is referred to as the UIB.
We propose to close the water balance by quantifying the main balance terms at the first order due to severe lack of data for certain balance terms at the sub-annual time scale. In our approach all balance terms are associated with meaningful uncertainty to indicate closure error ranges.
In this paper recent research findings on ice storage dynamics and glacier melt are evaluated and combined with trend analysis of 100-year precipitation and 50-year stream flow data on a daily basis. We estimate atmospheric water demand by evaporation and sublimation, which has been addressed weakly or simply ignored in a number of recent studies. Results of various satellite applications and global circulation models (GCMs) in the HKKH system are also evaluated. These observations serve as alternative sources of information on this remote and inaccessible region due to lack of in-situ data. For the same reason, satellite observations lack rigorous validation or correction. The loss (or gain) of glacier ice, which has been analysed in a spatially distributed way in the above investigations should, in principle, be reflected in the observed basin outflow signal when climatic forcing has not notably changed. The link between changes in glacier ice storage, outflow and climate is provided by the basin water balance equation. A major stumbling block for assessments is the scarcity of in-situ data in the large and inaccessible region. For instance, from the existing precipitation monitoring network in the UIB, only nine stations can be considered representative for the area under study and need to be separated from less representative ones located at lower altitudes on the Himalayan foothills facing the Lower Indus Basin. Stations, however, are unevenly distributed and historically located in the valleys because of site accessibility. As far as evaporation and sublimation is concerned, very few data have been collected thus far in nival and glaciated regions in the UIB, the HKKH, and Himalayas at large. As such any estimate for the UIB must be associated with considerable uncertainty. As an alternative to in-situ observations, we examined the suitability of satellite data and results from GCMs to evaluate the water balance and its closure, as these are used in various hydrological studies for the HKKH. In light of the above, three inconsistencies emerge on the UIB water balance against the background of endemic data scarcity and recently published research:
• First, we note that the outflow from the UIB, which is observed at Besham Qila, just upstream of Tarbela reservoir (164,475 km 2 of drainage area), exhibits a slight decreasing trend since earliest measurements in 1961.
However, a decreasing outflow is in contrast with the hypothesis of retreating glaciers and increased ice melt in the UIB, as suggested by satellite altimetry and gravimetric data.
• • Third, modelling studies (Immerzeel et al. ; Bookha- gen & Burbank ), which are driven by satellite-based precipitation estimates, indicate an outflow at Besham Qila, which is larger than the precipitation used to drive the models. In the first study it is reasoned that excess discharge must be attributable to ongoing glacier wastage. In both studies evapotranspiration is not extensively assessed and precipitation estimates require further validation. Both aspects constrain water balance assessment and make closure doubtful.
In this paper we address the above inconsistencies in detail and aim to close the UIB water balance by also considering uncertainty. We cover five topics: (1) the basin water balance, (2) basin outflow, (3) precipitation, (4) evaporation and (5) the implications on glacier mass storage.
BASIN MASS BALANCE
Starting from first principles in water balance assessments, the time-average water balance equation (Reggiani et al. ) for the UIB upstream of Besham Qila station can be stated as follows:
where E[ ] is the expected value operator, Q is the stream outflow at a control section, P is the precipitation and ET is actual evaporation and sublimation. The net input for the system is given by P À ET, while G represents losses is not pursued here, since it is beyond the scope of this study.
Also, collecting in-situ assessments is very resource intensive (Cogley ), and measurements should be performed over extended periods of time. We recommend extending glacier investigations and field surveys using the methods listed in Gardelle et al. () .
Precipitation
The estimation of precipitation across the entire UIB is difficult due to the extreme topography and the low number of gauging stations, which are situated mainly in the valleys at relatively low altitude in the high mountain ranges.
Archer & Fowler () studied long-term precipitation and temperature series from 17 stations which were partly installed in the late 19th century with some recording gap during the transition from British to Pakistani independent administration. The longest data series analysed cover the period 1895-1999. In the same work, it is described that the records exhibit a complex season-dependent spatial correlation structure. Over the last century, no statistically significant long-term trends could be detected for annual and seasonal precipitation although for the period increases in winter and summer precipitation are reported at some stations. A closer look at the network of 17 stations shows that not all stations should be considered.
To obtain a representative basin-average precipitation estimate, we selected an ensemble of nine stations ( Figure 1 , Table 3 ). The rationale behind the selection is that Upper does not allow to quantify a reliable lapse rate for a systematic correction of in-situ precipitation observations. When Young & Hewitt () show that the eastern part of the UIB is significantly dryer (e.g., Table 3, Results after spatial averaging across the UIB showed average annual precipitation of respectively 311 and 300 mm/ yr. In neither study the satellite products were bias corrected, presumably due to lack of representative ground truth data. As such estimates are highly uncertain and thus doubtful for use in water balance assessments. The climatology of all precipitation products is reported in Figure 3 , the resulting UIB mean annual precipitation in was indicated that products are very uncertain over mountainous areas and that the lack of in-situ stations was considered a major constraint to validation. Uncorrected results may also require a downward correction to account for valley areas that make up a small part of the basin area. Further analysis of climate change projections remains, however, beyond the scope of this paper.
To summarize on all the above findings, it is plausible to assume that there is no significant long-term trend in precipitation. For estimation of area-average precipitation, in-situ observations at the valley stations require upward correction. Also, studies on satellite-based precipitation products indicate that estimates require (substantial) upward correction. As shown before, findings consider doubling the satellite estimate to be realistic and suggest that precipitation could thus well be above 600 mm. Results from the atmospheric reanalyses suggest that precipitation in the UIB is in the range of 700 mm ± 100 mm. Findings from all three approaches indicate that precipitation is substantially higher than indicated by the arithmetic station average of 438 mm/yr in Table 3 . Also, measurements at very high altitudes, although limited, indicate that the arithmetic average of 438 mm/yr for the valley stations must be revised upward.
Combining all the above considerations leads to basinaverage precipitation in the order of 675 mm ± 100 mm.
Evaporation and sublimation
Actual evaporation across the UIB varies in response to atmospheric forcing and moisture availability on snow and ice surfaces and on earth surfaces in the arid climatological conditions, which are covered by sand, gravel and sparse vegetation. The estimation of potential and actual evaporation in the UIB is intricate, given the almost total absence of ground stations at high altitudes and the high topographic heterogeneity. A classical indirect method of estimation, which has also been applied to alpine high-altitude areas, is to obtain actual evaporation from the water balance Equation (1), if E[Q] and E[P] are known (Swiss Academy of Sciences ). However, because of the few precipitation stations in the basin, this approach is impracticable. We assume that absence of ground stations is also the 
ICE STORAGE IMPLICATIONS
After quantifying the long-term averages and related uncertainties of the r.h.s. terms in the water balance Equation 
CONCLUSIONS
With reference to the introduction and the above analysis, the basic conclusions of this work can be summarized as follows:
• 50-year observation records indicate that the stream outflow from the UIB, which hosts a substantial continental ice volume, has been essentially stable, or under statistically insignificant decline since 1960.
• • Similarly, ground observations of precipitation and atmospheric reanalysis data show that the mean annual precipitation and potential evaporation has remained stable over several past decades.
• The analysis also shows that the annual precipitation over the basin is in the order of 675 ± 100 mm/yr, and thus at least double the estimates used in hydrological modelling studies of the UIB in the literature. Considering that actual evaporation is in the order of 200 ± 100 mm/yr and thus cannot be neglected, the hydrological mass balance of the basin can be closed without assuming ongoing glacier wastage.
• The above water resources analysis is supported by the most recent satellite altimetry investigations of glacier surfaces in the HKK (Hindukush-Karakoram), which indicate an overly stable ice volume for that particular region over the past decade.
• The uncertainty affecting the proposed estimates of precipitation and evaporation does not invalidate the central hypothesis of this paper, that a declining annual flow at the UIB outlet remains inconsistent with a significant shrinkage of glacial ice mass during the first decade of this century or longer.
Most importantly, we conclude that without addressing the future water demand side under changing socioeconomic conditions (Archer et al. ) , there is presently no evidence for a looming water crisis affecting the downstream part of the basin from a sole supply perspective.
We recall however that a steadily growing water demand and demographic change within the Indus Basin puts Pakistan, with an annual per capita water availability of little more than 1,000 m 3 (UNESCO ), in the category of already highly stressed countries, with worse yet to come.
The present analysis also supports the conclusion by Bolch et al. () , that a poor understanding of the glacier water balance, in combination with the diversity of climatic conditions and the extreme topography, make future predictions on water resources availability in the HKKH difficult.
The findings finally emphasize that the use of global data sets, especially in the case of precipitation and evaporation, without a broader verification against in-situ observations, may lead to unfounded and premature conclusions.
